Abstract
Introduction 35
The urban heat island (UHI) effect is due primarily to the increased use of impervious 36 surface materials, the decrease of vegetation cover and water-permeable surfaces and the 37 emission of heat by human activities (Kato and Yamaguchi, 2005 Many previous remote sensing studies of the urban environment have used the 51 Normalized Difference Vegetation Index (NDVI) as a descriptor for urban climate patterns 52 (Lo et al., 1997; Gallo et al., 1999; Yuan and Bauer, 2007) . However, NDVI measurements 53 are subject to seasonal variations due to vegetation phenological cycles. Furthermore, the 54 relationship between NDVI and LST is known to be non-linear (Price, 1990 ; Owen et al., 55 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 reflectance by applying an atmospheric correction.
Step 2 is to convert TOA radiance of the 128 thermal band to surface-leaving radiance using the atmospheric correction tool MODTRAN 129 4.1 to remove the effects of the atmosphere (Berk et al., 1999) . The surface-leaving radiance 130 L T is calculated using Eq. (1) (Barsi et al., 2005) : 131
where L μ , τ and L d are respectively the upwelling radiance, atmospheric transmission and 133 downwelling radiance, and ε is the emissivity of the surface specific to the target type. 134 ε can be calculated based on NDVI and land cover type (Sobrino et al., 2001 ; Van and 135 Owe, 1993). Therefore, ε provides an emissivity map of the surface with 30 m resolution. In 136
Eq. (1), L λ is TOA radiance image with 120 m resolution for TM band 6 and 60 m resolution 137 for ETM+ band 6. L μ , L d and τ are scalars. Therefore, Eq. (1) is also a process of merging L λ1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 with the ε map. The resolution of L T was set to 30 m even though L T is calculated from the 60 139 m resolution TM/ETM+ band 6. 140
In the final step the radiance is converted to surface temperature using the 141
Landsat-specific estimate of the Planck curve (Chander and Markham, 2003) . 142
Methods 143

Overall approach 144
An overview of the research design is shown in Fig. 2 . Sub-pixel ISA is used as an 145
indicator of the degree of impervious surfaces and the urban spatial extent. It indicates the 146 level of urban development. LSMA is used to derive sub-pixel ISA values for urban land 147 cover patterns. The percent ISA is further classified into groups by the range approach and the 148 threshold continuum approach. The main advantage of the range approach over the threshold 149 approach is that the spatial distribution patterns of the urban thermal environment can be 150
analyzed and compared in different urban development density zones. In the range approach, 151 the urban development densities are defined by the ISA threshold values as 10-30% for 152 low-density; 30-50% for medium density; and >50% for high-density. 153
To contrast two different methods of discretizing metric scale percent ISA data, the 154 threshold continuum approach is used to reclassify the percent ISA at 4 threshold values set 155 at >10%, >30%, >50% and >70% respectively. In the continuum threshold approach, pixels 156 with percent ISA values are also discretized and assigned a value, but unlike the range 157 approach it creates classes of all pixels with >10% ISA as class 1, >30% ISA class 158 2, …, >70%. 159
Landscape pattern metrics are then calculated from the discretized percent ISA data to 160 characterize the spatial structure of urban land cover patterns. Lastly, the LST maps from the 161 two Landsat acquisitions are analyzed in relation to landscape structure derived from the 162 discretized percent ISA. 163 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 
The derivation of urban percent ISA 167
Impervious surface is closely related to urban land cover patterns, and percent ISA can 168 be used to map the urban extent. Therefore, the sub-pixel technique of Linear Spectral 169
Mixture Analysis (LSMA) can be used to extract fractional land cover values from 170 TM/ETM+ imagery. The LSMA approach assumes that the reflectance spectrum measured by 171 a sensor is a linear combination of the spectra of all endmembers within the pixel and that the 172 spectral proportions of the endmembers represent proportions of the area covered by distinct 173 features on the ground (Adams, 1995; Mustard and Sunshine, 1999; Mitraka et al., 2012) . The 174 spectral reflectance in band i can be described as: 175
where n is the number of end members, f k the fraction of end member k within the pixel, R ik 177 the spectral reflectance of end member k in band i and ε i the residual error for band i. The 178 fractions of one pixel must sum to 1 and all fractions must be greater than or equal to zero. 179 These conditions can be described by: 180
The fractional cover of each urban component is estimated using Eq. (2) and (3). 183
Endmember selection is a critical step in LSMA for extracting percent ISA. There are 184 various endmember extraction algorithms used to select endmembers prior to spectral 185 unmixing, including Pixel Purity Index (PPI), N-FINDR, Automatic Morphological 186 Endmember Extraction (AMEE), the simplex growing algorithm (SGA) (Plaza et were selected by choosing pixels at the edges of the point cloud in three-dimensional 198 scatterplots as pure pixels. All LSMA procedures were undertaken in ENVI 4.5. 199
In accordance with the VIS model (Ridd, 1995) the fractional values were classified into discrete groups using thresholds of percent ISA. The 230 two approaches, namely the range approach and the threshold continuum approach, were 231 used. 232
The range approach reclassifies pixels based on proportional ranges. Each proportional 233 range has an upper and lower limit. Sporadic, isolated pixels and patches can be found in the 234 results sometimes when the range approach is used. Therefore, the threshold continuum 235 approach was also used as an alternative to the range approach. The threshold continuum 236 approach treats the landscape as a gradually changing gradient and eliminates problems 237 associated with the range approach by aggregating all pixels with values greater than a 238 threshold value. Pixels exceeding a threshold are reclassified in a binary scheme. Percent ISA 239 was also reclassified into discrete maps of ISA presence-absence using the threshold 240 continuum approach. All pixels with ISA proportions greater than or equal to the threshold 241 breakpoints were assigned a value of 1 and included in the landscape metrics calculations, and 242 all other pixels were assigned 0 and excluded from the landscape metrics calculations. In this 243 way, landscape structure can be examined for different degrees of imperviousness. 244 245
Computation of landscape metrics 246
The number of land use/land cover (LULC) categories, their proportions and spatial 247 structure evidently affect LST (Weng et al., 2004; Liu and Weng, 2008) . Because percent ISA 248 is an indicator of urban spatial structure and the level of urban development, landscape 249 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 and is computed from patch area and perimeter (Schumaker, 1996) . Higher cohesion values 270 indicate a more connected landscape and lower values indicate fragmented and less connected, 271 however cohesion will equal zero when the landscape consists of a single patch. 272 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 LSI = P / (4 * A 1/2 ) 7 278
where P is the total perimeter edges in the landscape and A is the total area of the landscape. 279
Perimeter-area fractal dimension index (PAFRAC) is used to measure shape complexity 280 of patch types and provides a measure of human impact on the landscape. It is based on the 281 assumption that natural boundaries have complex shapes, and that as human disturbance 282 increases the PAFRAC decreases, approaching 1. Thus the PAFRAC represents shape 283 complexity representing human-induced disturbance. PAFRAC can be derived as: 284
Where a ij = area of the patch ij, p ij = perimeter of the patch ij, N = total number of patches. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In the non-urban areas land cover change has occurred between 1989 and 2001. In some 315 areas, land cover change is taking place at the sub-pixel scale but is not yet detectable at the 316 pixel scale. Thus, a crisp classification would likely result in a misleading conclusion that no 317 change is taking place in some areas of Fuzhou. Fractional cover can be used to quantify the 318 magnitude of change because of its capability to deal with uncertainties resulting from the 319 difficulty in determining a firm threshold value to separate areas of change from those of no 320 change. 321
Accuracy analysis of percent ISA derivation by area 322
ISA was extracted from high-resolution air photo/IKONOS data using ISODATA, and 323 was used to assess the accuracy of the percent ISA coarser resolution estimates from Landsat. 324
Four test areas were chosen (Fig. 3) The sites were selected in order to avoid temporal between-class land cover change 328 influencing the accuracy assessment of the endmember-derived impervious surface fraction 329 from the Landsat data using the high-resolution IKONOS/air photo data as surrogate 'ground 330
truth'. have small total mean differences of ISA when compared to the reference data for both dates 341 (Table 1 are highly correlated (collinearity or multi-collinearity), the inversion of spectral unmixing 347 becomes unstable and the estimated fractions are sensitive to random error. Because the focus 348 of this study is on urban land cover and thermal patterns, the correlation between endmembers 349 and its impacts on the accuracy of fraction estimation was not analyzed in detail. 350
Percent ISA and LST 351
The proportional ranges 0-10%, 10-30%, 30-50%, 50-70% and 70-100% were used to 352 reclassify percent ISA into 5 separate groups for indicating the levels of urban development 353 (Fig. 4) . The threshold continuum approach was also used to reclassify the sub-pixel data at 4 354 threshold values set at >10%, >30%, >50% and >70% respectively. Reclassifying percent ISA 355 in this manner to generate landscape metrics for each range is suitable for an analysis of urban 356
LST for each range of ISA. The main advantage of this approach over the threshold approach 357 is that the spatial distribution patterns of the urban thermal environment can be analyzed and 358 compared in different urban development density zones. The threshold continuum approach 359 was also used to reclassify the sub-pixel data at 4 threshold values set at >10%, >30%, >50% 360 and >70% respectively. The urban development densities were further defined by the ISA1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 threshold values as 10-30% for low-density; 30-50% for medium density; and >50% for 362 high-density. from either the range approach or the threshold continuum approach are shown in Table 3.  387 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 usually included in the 30%-50% and 50%-70% ISA categories and had a relatively small SD 416 owing to their spatial homogeneity. The SDs of LST were relatively small for the low-density 417 residential areas because the greater homogeneity contributes to lower LST variation in these 418 areas. 419
In Table 3 , the threshold continuum approach was used for partitioning percent ISA into 420 discrete classes. A comparison of the range approach and threshold continuum approach 421
showed differences in both the number of pixels and the distribution of pixels across the 422 ranges. Table 3 also shows that the means and SDs of LST varied for each ISA category 423 between the two approaches. For the range approach, the number of pixels in each of the four 424 ranges was approximately uniform. When pixels are reclassified using the threshold 425 continuum approach, all pixels above the threshold value are cumulative. Therefore, a larger 426 number of pixels are analyzed at each threshold continuum value compared to the range 427 method. The SD of LST at each threshold continuum value is obviously larger than that of the 428 range method for this reason. There is also a continuous gradual decline in the number of 429 pixels as the threshold increases, indicating a progressively changing landscape. 430
From the analysis above, we infer that the range approach is better suited for an analysis 431 of the specific ranges of land cover with comparatively uniform pixels. Compared to the 432 range approach, the threshold continuum method is more suitable for characterizing the 433 landscape along a continuum of established minimum land cover proportions such as related 434 to the degree of urban ISA expansion. When using the threshold continuum approach, low 435 thresholds usually include a wide variation of land covers and therefore characterize a 436 heterogeneous landscape. By combining these two discretization approaches to analyze LST 437 patterns as in Table 3 , we can quantitatively analyze the impact of each percent ISA zone on 438 the whole urban LST and thermal environment. 439
Urban thermal intensity analysis 440
The UHI effect is defined as an average value that represents the difference between the 441 mean surface temperature of urban and rural surrounding areas (Sobrino et al., 2012) . The1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   17 LST of vegetated surfaces is comparatively low, and these areas are usually in rural areas with 443 percent ISA <10%. Here, we defined the UHI intensity as the difference of the urban area 444 with higher LST and the mean LST value of the area with percent ISA <10%. The spatial 445 extent of the high intensity area covered by the aggregated cluster of urban pixels whose LST 446 is higher than the rural LST can be obtained by a predefined threshold value. 447 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 5 Landscape metric values based on threshold continuum approach for both dates. noticeable that the LSI and PAFRAC show more variability in the 30%-50% and 50%-70% 490 ISA categories comparatively. In the urbanization process, the structure of the urban 491 landscape was quite complex and the diversity of landscape elements was high. The ISA 492 patches in the urbanized parts of the study area became increasingly fragmented and less 493 connected over time, leading to increasing urban landscape complexity. Therefore, PD, LSI 494 and PAFRAC all increased as the impervious urban areas expanded. The LSI increased in all 495 the four ISA zones of Table 4 , showing that the landscape structure became more irregular 496 and complex between the two dates, especially in the last three ISA zones. The total patch 497 edge length in relation to area as expressed in the LSI increased, meaning a higher degree of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In Table 4 , the COHESION metric decreased in the three zones with less than 70% ISA 511 but slightly increased in the >70% ISA zone. In Table 2 , the areas of 50%-70% and >70% 512 ISA significantly increased from 1989 to 2001 and urban expansion occurred more in these 513 two zones than in any other. In Table 4 , the values of metrics in the 30%-50% and 50%-70% 514 ISA zones generally exhibited larger variation. This is indicative of the complexity or 515 heterogeneity of landscapes in the two zones because of the urban landscape patterns change. 516
Urban expansion and the change of landscape patterns influenced the density, aggregation, 517 connectedness, shape and perimeter-area fractal dimensions of ISA patches in different urban 518 developed areas, especially in the 30%-50% and 50%-70% ISA zones. 519
The two percent ISA discretization methods had a differential effect on the landscape 520 metrics (Table 4 and 5) . In all five metrics tested in Table 4 , the values of the range 521 discretization vary relatively little across the percent ISA ranges. In contrast, the values of the 522 threshold continuum approach (Table 5 ) changed significantly across different thresholds. We 523 observed relatively large change across percent ISA thresholds, while for the threshold 524 continuum approach we also uncovered considerable fluctuations in the results. Generally, the 525 change trends of landscape metrics between two dates in Table 5 are similar to those in Table1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   20 4. However, the results show that landscape metrics results can vary significantly across the 527 landscape depending on fractional cover values. A comparative interpretation of Table 4 and 528 5 illustrates the impact of percent ISA on urban landscape structure. This is useful for 529 identifying those ISA proportions that lead to the greatest changes in urban landscape 530 structure and the impact of spatial structural patterns on the thermal environment. 531
Pattern analysis of LST and landscape metrics for different seasons 532
Landscape patches in a region are linked to distinct properties of the thermal environment. 533 span a larger range in the 10%-30% to 30%-50% ISA zones. Especially for LSI, the metric 541 increased to maximum values in ISA zone 30%-50%, and then decreased sharply as the LST 542 increased. This is indicative of the shape change of ISA patches, and the greater complexity or 543 heterogeneity of landscapes in medium and high urban development densities because urban 544 expansion resulted not only in an increase in absolute ISA extent but also in different urban 545 landscape structures. 546
In Fig. 7a and b, the rates of increase of LST were lower than those of AI and 547 COHESION, especially in the high density urban area. For example, for the 30%-50%; 548 50%-70% and >70% ISA categories, mean LST increased from 300. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 21 finding is that a greater degree of adjacency of patches with the same degree of ISA tends to 554 coincide with a more pronounced UHI effect. to analyze percent ISA rates of change at various thresholds to determine if there are 599 significant factors operating in the landscape at specific land cover proportions and whether 600 optimal and critical thresholds for landscape characterization can be identified; 601
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